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T-cell-mediated autoimmune diabetes in nonobese dia- 
betic (NOD) mice is closely associated with natural 
killer T (NKT)-cell deficiency. To determine whether 
intrinsic defects of the T-cell lineage contribute to the 
pathogenesis of the disease and NKT cell deficiency, we 
reconstituted the T-cell compartment in NOD.scid or 
B ALB .scid mice with T-cells from NOD, nonobese dia- 
betes-resistant (NOR), or AKR thymic precursor cells 
and examined the development of the NKT cell popula- 
tion. NKT cells developed well from AKR thymic precur- 
sor cells but not from other precursor cells in both 
recipient strains. Insulitis and diabetes developed only 
in the NOD.scid recipients of NOD or NOR precursor 
cells. When thymic precursor cells of (32-microglobulin 
gene- deficient AKR mice, which have a deficient NKT 
population, were introduced into NOD.scid recipients, 
both CD4 + and CD8 + T-cell populations developed and 
the recipient mice developed insulitis and diabetes. We 
conclude that NKT cells originate from a T -cell-commit - 
ted thymic precursor population and that the deficiency 
in the NKT cell population in NOD mice results from 
intrinsic defects within the T-cell lineage and plays a 
major role in the development of autoimmune diabetes 
in the presence of both the NOD thymus and antigen- 
presenting cells. Diabetes 50:2691-2699, 2001 



The development of type 1 diabetes in nonobese 
diabetic (NOD) mice results from the destruc- 
tion of pantTcalie (3-cells by a complicated and 
chronic pathogenic process of islet-specific au- 
toimmune reactions. Cumulative evidence indicates that 
T-cells play a major role in the pathogenesis of autoim- 
mune diabetes in NOD mice (1-5), although other immu- 
nocytes, such as macrophages, dendritic cells, and B-cells, 
clearly are involved in the complicated pathogenic process 
(5-9). Multiple deficiencies in T-cell functions have been 
identified in NOD mice (10,11). However, it is not clear 
whether these functional deficiencies result from the 
developmental defects in NOD thymic education or intrin- 
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sic defects within the NOD T-cell lineage. As well, the roles 
of the funct ional deficiencies of the T-cell populations in 
the autoimmune pathogenic process are not well under- 
stood. If intrinsic defects within the T-cell lineage play a 
critical role in the pathogenesis of autoimmune diabetes in 
the NOD mouse, then it may be possible to correct the 
functional deficiencies and prevent the development of 
autoimmune diabetes by replacement of the T-cell lineage 
of the NOD mouse with that of diabetes-resistant mice. 

The deficiency of the regulatory T-cell populations has 
long been suggested as one of the major pathogenic 
mechanisms of type 1 diabetes in NOD mice (12-15). A 
small T-cell population, the natural killer T (NKT)-cell 
population, was recently found to be deficient in NOD 
mice (16-19). A similar deficiency of the NKT cell popu- 
lation was also identified in human type 1 diabetic patients 
(20). NKT cells are a small T-cell population expressing 
the NK cell markers but are considered to be a major 
regulatory T-cell population because they produce a large 
amount ^-interferon (IFN-7) and interleukin-4 (IL-4) in 
response to primary T-cell receptor (TCR) ligation (21,22) 
and are suggested to play a critical role in potentiating 
both the Thl and Th2 immune responses under certain 
circumstances (21-5-26). All hough the proposed mecha- 
nisms by which NKT cells are involved in immune regula- 
tion remain controversial (25,26), increasing the number 
of NKT cells, either by adoptive transfer of enriched NKT 
cells (27) or transgenic expression of the invariant TCR Va 
chain dominantly used by NKT cells (28), resulted in a 
decrease in insulitis and diabetes in NOD mice. These 
studies provide strong evidence that an NKT cell defi- 
ciency contributes to the disease susceptibility. However, 
the mechanism that result in this NKT cell deficiency in 
NOD mice remains unknown. 

We have developed a unique animal model to determine 
the origin of the NKT cell deficiency and its role in the 
pathogenesis of autoimmune diabetes in NOD mice. We 
reconstituted the T-cell compartment in NOD.scid or 
BALB.scid recipient mice with T-cells originating from 
diabetes-prone NOD mice or one of two genetically dis- 
tinct diabetes-resistant strains, nonobese diabetes-resis- 
tant (NOR) or AKR mice, by introducing T-cell- committed 
thymic precursor cells into the thymus of neonatal recip- 
ient mice. We found that regardless of the thymic micro- 
environments of the recipient mice, the NKT cell 
population developed well only from AKR thymic precur- 
sor cells, whereas a deficient NKT cell population was 
found in the recipients of NOD or NOR thymic precursor 
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cells. The NOD.scid recipients of NOD or NOR precursor 
cells developed insulitis and diabetes, whereas the NOD- 
.scid recipients of AKR thymic precursor cells were free of 
insulitis. However, a deficient NKT cell population devel- 
oped in the NOD.scid recipients of (32-microglobulin ("(32 
m) gene- deficient AKR thymic precursor cells, and these 
recipient mice developed insulitis and diabetes to the 
same degree as NOD. scid recipients of NOD thymic pre- 
cursor cells. In contrast, none of the BALB.scid recipients 
of NOD thymic precursor cells developed insulitis. We 
now report that intrinsic defects within the T-cell lineage 
result in the deficiency of the NKT cell population, which 
plays a critical role in the development of autoimmune 
diabetes in the presence of both the NOD thymus and 
antigen-presenting cells. 



RESEARCH DESIGN AND METHODS 

Mice and antibodies. All mice used in this study were purchased fw.ni Hie 
Jackson Laboratory (Bar Harbor, ME), and all antibodies were purchased 
from Phamungt n 1 mml lis iss-niga >niario Canada) 
Isolation of CD25 + CD44~ thymic precursor cell population and Injec- 
tion of purilicd precursor cells inlo I he thymus of neonatal N()I)..sc/rf 
recipients. Thymocytes from 4-week-old donor mice were incubated with 
antibodies to CD4 (RM4-4), CD8 (53.6.7), and CDS (145.2C11), washed, and 
then incubated with baby rabbit complement. Enriched triple-negative thymo- 
cytes were then stained with FITC-labeled antibodies to CD4, CD8, CD44, 
TCR|3, and PE (R-phycoerythrin>labeled antibodies to CD25. The 
CD25 CD 1 1 thymic precursor cells were purified by cell sorting. The purified 
CD25 + CD44~ cells (>95% pure) were suspended in a phosphate-buffered 
saline (PBS) solution at a concentration of 2.5 x 10 s cells/ml. Two- to 
3-day-old NOD.scid mice were used as recipients of thymic precursor cells, 
hitrathymic injection was performed as described previously (29). Briefly, the 
recipient mice were anesthetized and immobilized, and a midline upper 
I horacic incision was made followed by a "V" excision of I lie upper sternum/ 
ribcage under a stereomicroscope. Purified CD25"CD44 + cells (0.5 X 10 6 
cells/mouse, resuspended in 2 |jJ of PBS) were injected into both lobes of the 
IV i I eh i ipiontund th si i mi | > nti Is, litferntates 

of the recipients received an injection of PBS solution alone. 
Examination of T-cell reconsl itul ion in NOI)..sc/rf recipients. Four 
weeks alter injection of the prec ursor cells, T-cell reconstitution of the 
recipient mice was monitored weekly by fluorescence-activated cell sorter 
(FAGS) analysis of peripheral blood mononuclear cells tl'I'.MCs). I'BMCs 
were stained with antibodies to TCRB, Thyl.l, Thyl.2, CD4, CD8, and B220 
(Pharmlngen Canada). Lymph node cells and splenocytes of Hie NOD.scid 
recipient mice were also examined when the mice were killed. A small number 
of Thyl.2 + T-cells were detected in two recipients of AKR thymic precursor 
cells. These cells were likely of host origin Ihal developed as a result of a 
'leaky' acid mutation. These mice were removed from the study. The 
expression of TOR Vp chains in the thymocytes of recipient mice was 
examined by rev erse transcriptase polymerase chain react ion using a com- 
mon primer for the C fragment and 17 primers specific for individual Vp 1 
chains (30). 

Eecoiistitutlon of B-cells. B-cells were isolated from splenocytes of 5- to 
8- week-old NOD mice using B220 antibody- coated beads and a Mini MACS 
system (Miltenyi Biotec, Auburn, CA). The purity of 15220 cells was higher 
than 95%. The B-cells were resuspended in PBS (1 X 10 8 cells/ml) and 
transferred into recipient mice In intraperitoneal inject ion. 

\s-.n lor cell proliferation anil cytokine | Iiietiou. I n inph.. 

cyte reactions, 1 X 10 6 responder splenocytes were mixed with 0.5 X 10 6 
irradiated stimulator cells and incubated for 3 days and pulsed for an 
additional 16 h with [ 3 H]fhymidine. To measure NKT cell function, the 
NOD.scid recipient mice received an injection of antibody to CD3 (10 
|j_g/mouse i. p.). i >ne hour alter injeclion, spleens were removed and spleno- 
cytes were resuspended at 5 X 10 6 cells/ml. The culture supernatant was 
collected at 2 and 1 li, and the concentration of IFN--y and IL-4 in the 
siipernala.nl was determined by enzyme-linked immunosorbent assay (R&D 
Systems. Minneapolis, MM). 

Measurement of blood glucose. Blood glucose levels of nonfasting mice 
were measured as described elsewhere (31). The mean blood glucose level of 
nonfasting AKR mice was 7 mmol/1. In this study, nonfasting animals with 
blond glucose levels greater than 16 mmol/1 for 
scored as diabetic. 
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FIG. 1. Deficient NKT cell population In NOD, NOR, and AKK-P2 m 
mice. Thymocytes and lymph node cells were Isolated from NOD, NOK, 
and AKE-|'.2 in mice, stained with aiiti-TCRfi chain and I)X5 antibodies, 
and analyzed by FACS. As a control, cells of AKR mice were also 
analyzed. In AKli mice, the DX5 + TCR + NKT cell population was clearly 
Identified In the thymocytes and lymph node cells, but identical 
populations in the thymus and lymph nodes of NOD, NOR, and AKR-P2 
m mice were deficient. Data represent the results from at least five 
mice per group. 

Detection of NKT cells. Lymph node cells from NOD.scid or BALB.scid 
recipients were preincubated w illi ant ibody against CPlfv'32 (2. IC2; Pharm- 
ingen Canada) in PBS containing 2% fetal calf serum. The cells were then 
incubated with biotinylaled I)X."> antibody on ice for 20 min. Control cells were 
incubated with dilution buffer. After washes, cells were incubated wilh 
streptavidin-perOP and anfi TCR-p FITC antibody. The cells were resus- 
pended and analyzed by FAOS. 

RESULTS 

NOD and NOR mice possess deficient NKT cell popu- 
lations in the thymus and periphery. Diabetes-resistant 
NOR mice share an identical major histocompatibility 
complex (MHC) haplotype and most of the genome with 
NOD mice, and NOR mice may possess many defects in 
their immune system similar to those in NOD mice, 
including defective thymic education. To determine 
whether NOR mice develop an NKT cell deficiency as do 
NOD mice, we examined the DX5 + TCR~ cell population in 
the thymus and periphery of NOR and NOD mice, because 
DX5 + TCR + cells represent the majority of NKT cells in 
NKl.l-negative strains (Y.Y., B.M., J.-W.Y., manuscript 
submitted). The DX5 + TCR + cell population in NOR and 
NOD mice was compared with that in AKR mice (Fig. 1) 
because the NKT cell population develops well in AKR 
mice. We found very few DX5 + T-cells in the thymus and 
periphery of NOR and NOD mice. In fact, the NKT cell 
population in NOD and NOR mice was similar to that 
found in AKR mice with a (32 m gene deficiency ( AKR-(32 m 
mice; Fig. 1). NKT cell development in AKR-(32 m mice was 
defective because of a failure of expression of the CD1/|32 
m complex. Analysis of the DX5 + TCR + cell population in 
various organs clearly showed that the NKT cell popula- 
tion is deficient in both NOD and NOR mice. 
The T-cell compartment of NOD.scid mice can be 
reconstituted with thymic precursor cells isolated 
from diabetes-prone and diabetes-resistant mice. To 
determine whether the NKT cell deficiency in NOD and 
NOR mice is associated with the thymic microenviron- 
ment, we reconstituted the T-cell compartment of NOD- 
.scid mice with thymic precursor cells isolated from NOD, 
NOR, and AKR mice (Fig. 2A). The purified thymic precur- 
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l'IG. 2. Rcconslilntion of t he T-cell compart incut in the NOI)..sc/<f .nice 
with NOD, NOR, and AKK precursor cells. A: In young donor NOD, NOR, 
or AKK mice, <2% of the thymocytes were CD25 + CD44" cells. These 
cells were enriched and purified from NOD, NOK, and AKR donors. The 
purity of the thymic precursor cells isolated from donor mice was 
-95%. B: More than 80% of lymph node cells of the reconstituted 
NOD.scid mice were T-cells. In the recipients of NOD precursor cells, 
all of the T-cells were Thy 1.2 positive, whereas all of the T-cells In the 
recipients of AKR precursor cells were Thyl.l positive but Thyl.2 
negative. Lymph node cells from the recipients of NOK precursor cells 
were identical to those in the recipients of NOD precursor cells. C: A 
large portion of the thymocytes In the reconstituted NOD.sc«d mice 
expressed a high level of TCR. However, there was only a small 
population of CD4 and CD8 double-positive thymocytes in these recip- 
ient mice. 
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nd functions of the T-cells of NOD.seid 
scriplase-polymerase chain reaction analy- 
pertoire developed in the NOD^cid 
cells. The expression of VP3 and Vpi7 
patterns of TCR VP u 



t he recipients of NOD ami NOK precursor cells. II: Lymphocytes from 
NOD..SY id recipients of AKK precursor cells ( responder) proliferated 
against irradiated AKR splenocytes (stimulator), but these cells did 
not respond to Irradiated NOD splenocytes. The proliferation response 
of lymphocytes from t he recipients of AKR precursor cells was very 
similar to the response of NOD lymphocytes (responder). Bars indicate 
ranges. 



sor cells were injected into the thymus of NOD.scic/ 
neonates at 3 days of age. Thymic precursor cells isolated 
from syngeneic and allogeneic donor mice developed 
equally well into mature T-cells in these NOD.scid recipi- 
ents. T-cell populations were detected in the circulation of 
the recipients within 3-4 weeks after thymic injection. 
When the lymph node cells were analyzed, it was found 
that >80% of the lymph node cells in the reconstituted 
NOD.scic? mice were T-cells (Fig. 2E). T-cells in the 
recipients of NOD and NOR thymic precursor cells ex- 
pressed Thyl.2 antigen, whereas all of T-cells in the 
recipients of AKR thymic precursor cells expressed Thyl.l 
antigen (Fig. 2B). No T-cells were detected in control 
NOD.scid mice. These results show that all T-cells in the 
recipients originated from donor precursor cells. 

The spleens of the reconstituted mice contained a small 
proportion (5-20%) of T-cells, and most of the thymocytes 
were CD4 or CD8 single-positive cells; only a small num- 
ber (<5%) were CD4 + CD8 + double-positive cells (Fig. 
2(7), indicating that all of the donor thymic precursor cells 
developed rapidly into mature thymocytes in the recipi- 
ents. The donor-derived T-cell populations remained for 
>24 weeks in the NOD.sc/d recipients. B-cells were virtu- 
ally undetectable in these recipient mice. 

We then analyzed the TCR V(3 chain repertoire in the 
reconstituted NOD. sor/ mice and found a diversified TCR 
V(3 chain usage in both the splenocytes and thymocytes of 
all reconstituted mice (Fig. 3a). As was previously found in 
NOD mice (32), both V(33- and V(317-expressing T-cells 
were missing in all of the NOD.scm/ recipients, indicating 
that the TCR repertoire of the NOD.scid recipients was 
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FIG. 4. Development of NKT cell population In NOD.sc«d recipients. A: 
DX5 + NK cells but not T-cells were found in lymph node cells of control 
NOD.scid mice. In the NODscid recipients of NOD precursor cells, 78% 
of lymph node cells were T-cells with <2% DX5+ T-cells. Identical 
results were obtained from the recipients of NOR precursor cells. In 
contrast, a far greater number of DX5 + TCR + cells were found in the 
lymph node cells of NOD.scM recipients of AKE precursor cells. 
DX5 + TCK + NKT cells expressed Thyl.l antigen: these cells were of 
AKR origin. DX5 + TCR~NK cells were Thy I . l-negal ive. with a low level 
of expression of Thyl.2 antigen; these cells were of NOB.scld host 
origin. B: IFN-y and IL-4 production of splenocyles from NOD.scid 
recipients of NOD and AKR precursor cells. Splenocytes of the recipi- 
ents of AKR precursor cells (Tl) produced more IL-4 QP < 0.001) and a 
similar amount of Il'N-y compared with the recipients of NOD precur- 
sor cells (■) within 4 h of cull lire after the inject ion of antibody to CD3 
antigen. Data represent the results from four mice per group. 



shaped by NOD thymic education. Furthermore, the lym- 
phocytes from NOD.scid recipients of AKR thymic precur- 
sor cells responded to irradiated splenocytes of AKR mice 
in a mixed lymphocyte reaction but not to NOD spleno- 
cytes (Fig. 3E). This result indicates that the mature T-cell 
populations that developed in the NOD.scid recipients 
were restricted by the host MHC expressed in the thymus. 
NKT cell development differs among NOD.scid recip- 
ients of NOD, NOR, and AKR thymic precursor cells. 
We next compared the development of the DX5 + NKT cell 
population among the NOD.scid recipients of NOD, NOR, 
and AKR thymic precursor cells. Very few DX5 + NKT cells 
were found in the lymph node cells of NOD.scid recipients 
of NOD or NOR thymic precursor cells. In contrast, a 
significant number of DX5 + NKT cells were detected in the 
NOD.scid recipients of AKR thymic precursor cells (Fig. 
4A). In these mice, the DX5 + NKT cells expressed Thyl.l 
antigen but not Thyl.2, indicating that the DX5 + NKT cells 
were of AKR donor origin. In contrast, DX5 + NK cells did 
not express Thyl.l, but some of these cells expressed a 



low level of Thyl.2, indicating that the DX5 + TCR" NK 
cells were derived from the NOD.scid host. 

Cytokines produced by NKT cells favor the Th2 immune 
response in TCR-mediated primary activation (21.22,:!:!). 
To determine whether the NKT cell cytokine profiles differ 
among the reconstituted NOD.scid mice, we injected 
antibody to (4)3 antigen into the NOD.scid recipients of 
NOD or AKR precursor cells and measured the production 
of IL-4 and IFN-7 in the splenocytes. Within 4 h of antibody 
injection, splenocytes from the recipients of AKR precur- 
sor cells produced a much greater amount of IL-4 (P < 
0.001) and a similar amount of IFN-7 compared with the 
splenocytes from the recipients of NOD precursor cells 
(Fig. 45). This result indicates that the NOD T-cell popu- 
lations differ from the AKR T-cell populations in the ability 
to release IL-4 quickly after activation. Because the stim- 
ulation protocol used in these experiments largely targets 
NKT cells (21), this difference is likely to be due to the 
defective development of NKT cells from NOD thymic 
precursor cells. 

Deficient NKT cell population correlated with the 
development of autoimmune diabetes in the reconsti- 
tuted NOD.scid mice. To determine whether the recon- 
stituted NOD.scid mice would develop insulitis and 
diabetes, we transferred purified B-cells from young NOD 
mice (4-5 weeks) into these recipient mice (4 X 10 7 / 
recipient), because B-cells are required for the develop- 
ment of T-cell-mediated autoimmunity in NOD mice 
(7,8,34,35). The transfer of NOD B-cells alone did not 
induce insulitis and diabetes in control NOD.scid mice. 
However, mild to severe insulitis developed in 10 of 12 
NOD.scid recipients of NOD thymic precursor cells along 
with NOD B-cells (Tables 1 and 2), and five of these mice 
developed diabetes within 12 weeks. The total number of 
T-cells in the NOD.scid recipients was <20% (8 X 10 6 / 
mouse) of that found in normal NOD mice, and a very few 
transferred B-cells remained in these recipients, likely as a 
result of CD8 + T-cell-mediated rejection (35). The low 
number of T- and B-cells in NOD.scid recipients probably 
resulted in the relatively low incidence of overt diabetes. 
Mild to severe insulitis also developed in all nine NOD.scid 
recipients of NOR thymic precursor cells, and three of 
these NOD.scid recipients developed diabetes. However, 
insulitis was not detected in any of the eight NOD.scid 

TABLE 1 

The development of autoimmune diabetes in reconstituted 
N( '1 1. >-•/'/ mice* 



Donor of precursor 


Incidence of 


Incidence of 


T-cells 


insulitisf 


diabetes 


NOD 


10/12 (83) 


5/12 (42) 


NOR 


9/9 (100) 


:V9(:3:j) 


AKR 


0/8 (0) 


0/8(0) 


|32 m-deficient AKR 


10/10 (100) 


6/10 (60) 



Data are n (%). *l'rine and blood glucose levels of NOD..src/ 
recipient mice of thymic precursor cells from various donors were 
monitored twice a week. The incidence of diabetes was examined at 
20 weeks after adoptive transfer of purified NOD B-cells into 
different groups of reconstituted NOD.scid mice. fAt the termination 
of each experiment, all mice were killed for histological examination 
of the pancreatic islets. At least 20 islets from each mouse were 
examined. Any mouse that showed lymphocytic infiltration in >20% 
of the examined islets was considered to be positive lot insulitis. 



DIABETES, VOL. 50, DECEMBER 2001 



TABLE 2 

Histological examination of insulitis in reconstituted NOD..sr/rf 
mice* 



Donor of precursor 
T-cells 




Insulitis grade (%)t 




0 


1 


2 


3 


NOD 


8.3 


11.6 


26.6 


53.3 


NOR 


11.6 


18.3 


26.G 


43.3 


AKR 


97.2 


2.8 


0 


0 


(32 m-deficient AKR 


14.3 






24.3 



-Insulitis was analyzed in tiuiidiabetic SOD.scid recipient mice of 
thymic precursor cells from various donors at 20 weeks after the 
adoptive transfer of NOD B-cells. Diabetic NOD.scid recipients were 
not included in this table, as most of the islets examined were 
Hi pi i 1 Between^ ind 70 islets from th ■ londiab ic mice (al 
leasl 20 islets/niouse/^roup) were examined. 0, normal; 1, infiltration 
in <25% of the islet; 2, 25-50% infiltration of the islet; 3, >50% 
infiltration of the islet. 

recipient mice of AKR thymic precursor cells at 25 weeks 
of age in the presence of NOD B-cells (Tables 1 and 2). 

Thus, insulitis and diabetes developed in almost all of 
the NOD.scid mice reconstituted with NOD and NOR 
thymic precursor cells, and these mice developed deficient 
NKT cell populations. In contrast, NOD.scid mice recon- 
stituted with AKR thymic precursor cells contained a 
normal NKT cell population and were resistant to the 
development of insulitis and diabetes. To determine 
whether the resistance to insulitis and diabetes in the 
NOD.scid mice reconstituted with T-cells of AKR origin 
was associated with the development of the NKT cell 
population, we further reconstituted NOD.scid mice with 
thymic precursor cells from (32 m gene- deficient AKR 
mice. NKT cells are positively selected by CD1 antigen 
expressed on double-positive thymocytes (36), but the 
double-positive thymocytes of (32 m gene- deficient AKR 
mice do not express CD1 antigen (Fig. 5A). Therefore, the 
NKT cell development in these (32 m gene- deficient AKR 
mice was defective (Fig. 1). In addition, the CD8 + T-cell 
population did not develop in these (32 m gene- deficient 
AKR mice because of lack of the expression of class I MHC 
molecules (Fig. 5B~). However, when thymic precursor 
cells from (32 m gene- deficient AKR mice were introduced 
into NOD.scid recipients, both CD8 + and CD4 + T-cell 
populations developed (Fig. 5E). The restoration of the 
CD8 + T-cell population was evidently due to positive 
selection by host MHC class I molecules. However, the 
NKT cell population was deficient in these recipient mice 
(Fig. 5C) because the CD4 + CD8 + double-positive thymo- 
cytes were of donor origin, and these cells were unable to 
express CDld for positive selection of NKT cells. In 
addition, these mice did not produce detectable IFN-~y or 
IL-4 after anti-CD3 antibody injection (data not shown). 
Examination of the pancreatic islets of these recipient 
mice revealed that all mice had developed insulitis (Table 
2) and 6 of 10 had developed diabetes (Table 1). These 
results indicate that T-cells of AKR origin can induce 
diabetes in NOD.scid recipients if the NKT cell population 
does not fully develop and that thymic precursor- derived 
NKT cells play a critical role in the prevention of autoim- 
mune diabetes in the reconstituted NOD.scid mice. 
Intrinsic defects expressed within the NOD thymic 
precursor cells result in a defective development of 
the NKT cell population, which cannot be corrected 



by either a BALB.scid thymic microenvironment or 
interaction with AKR thymic precursor cells. Because 
the NKT cell population in the reconstituted NOD.scid 
mice developed from donor thymic precursor cells, we 
asked whether the thymic precursor cells express DX5 
antigen. We enriched CD25 + thymocytes from AKR mice 
and found that CD25 + thymocytes did not express DX5 
antigen and DX5 antigen- expressing cells were present 
only in CD25~ thymocytes (Fig. 6A). We then examined 
the expression of CDld ant igen in NOD and AKR mice and 
found that the expression levels of CDld antigen in 



AKR 

AKR-{i2i»~ 




6 NOD.sifd recipients of 

AKR-g2m AKR-ft2m precurso r cells 



Donors: AKR 



AKR~ft2y 




FIG. 5. NKT and T-cell populations derived from I hymlc precursor cells 
of P2 m gene- deficient AKR mice. A: CD4 + CD8 + double-positive 
tli.\ mocytes of \'<2 m gene-deficient AKR mice did not express CDld 
antigen. B: The CD8 + T-cell population was missing in P2 m gene- 
dcliciciit AKR mice, bill the CI)8 + T-cell population was restored when 
thymic precursor cells from t>2 til genc-delicient AKR donors were 
introduced into NOD.sc«d recipient mice. G: DX5 + NKT cells were 
deficient in the NOD.scid recipients of thymic precursor cells of ("2 
gene-deficient AKR mice, but an identical population in the NOD.scid 
recipients of AKR thymic precursor cells developed well. Data repre- 
sent the results from more than three mice per group. 
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FIG. 6. NKT cell differentiation from CD2 V ! hyinocyles. A: In thymo- 
cytes ol'AKK [nice. I)X"> * colls were present in only OI>25~ I liynioeytes. 
CD25 and I)X5 double-positive I hyinocyles were virtually undetect- 
able. Data represent the results from more than four mice per group. B: 
NKT cell population developed in B ALB .scirf recipients of NOD thymic 
precursor cells and AKR thymic precursor cells. In the lymph nodes of 
recipient mice of NOD precursor cells, -1% of cells were DX5+TCR + , 
whereas In BALB.scid recipients of AKR precursor cells, >3% of lymph 
node cells were DX5 + TCR + . Data represent the results from three mice 
per group. C: NKT cell population developed well in the NOD.scid 
recipients of the thy mic precursor cells from AKR (4.2%) or NOD and 
AKR (mixed in 1:1 ratio) (3.8%) but not in the recipients of the thymic 
precursor cells of NOD + irradiated AKR (1.4%) or NOD donors 
(1.4%). Data represent the results from three mice per group. 

CD25 + CD44" and CD4 + CD8 + thymocytes, as well as in 
B-cells, were identical between the two strains (data not 
shown). This result indicates that the DX5-expressing NKT 
cells differentiated from late-stage premature T-cells after 
the injection of CD25 + CD44~ thymic precursor cells into 
the thymus of recipient mice and that the defective devel- 
opment of the NKT cell population in NOD mice is not due 
to a low level of CD Id expression. 

To determine whether a different thymic microenviron- 
ment has any effect on the development of the NKT cell 
population, we injected AKR or NOD thymic precursor 
cells (CD25 + CD44~) into the thymus of neonatal BALB- 
.scid mice and examined the development of the NKT cell 
population in the adult recipients. The numbers of NKT 
cells were very low in the BALB.scid recipients of NOD 
precursor cells. However, a well-developed NKT cell pop- 
ulation was found in the recipients of AKR precursor cells 
(Fig. 6B). These results were similar to those obtained 
from the reconstituted NOD.scid mice. Therefore, defec- 
tive development of the NKT cell population in these 
reconstituted mice resulted from the thymic precursor 
cells but not from the thymic microenvironment. 

We next tested whether the defective differentiation of 
NOD thymic precursor cells can be corrected in the 
presence of AKR precursor cells by introducing mixed (1:1 
ratio) NOD and AKR thymic precursor cells into NOD.scid 
recipients. T-cells of both AKR and NOD origin developed 
in these recipient mice, and there was a moderate increase 
in the number of NKT cells as compared with the number 
in recipients of NOD precursor cells alone. However, when 
the thymic precursor cells of AKR donors were irradiated 
and then mixed with NOD thymic precursor cells, only 
T-cells of NOD origin developed, and the NKT cell popu- 
lation was deficient (Fig. 6(7). We also injected NOD 



thymic precursor cells mixed with irradiated CD4 + CD8 + 
AKR thymocytes (1:2) into NOD.scid recipients and found 
only T-cells of NOD origin with a deficient NKT cell 
population (data not shown). Thus, cell-cell interaction 
with AKR thymocytes could not rescue the defective 
development of NKT cells from NOD thymic precursor 
cells. 



DISCUSSION 

A triple-negative thymocyte population (CI)25 + CD44~, 
CD117 , and CD3"CD4"CD8") has been identified as the 
earliest precursor cell type irreversibly committed to the 
T-cell lineage; these cells do not develop into any other 
cells of hematopoietic origin (37-40). If CD25 + CD44~ 
thymocytes are isolated from a desired donor and intro- 
duced into the thymus of NOD.scid recipient mice, then 
not only should T-cell populations developed in the recip- 
ient mice be of donor origin, but more importantly, the 
thymic education of the T-cell populations should be 
determined entirely by the thymic microenvironment of 
the recipient. Consequently, the mature T-cells will be 
restricted by the recipient's MHC, and their immune 
response will be carried out in conjunction with the 
antigen-MHC complex of the recipient's antigen-present- 
ing cells. On the basis of this concept, we have developed 
a unique animal model in which the genetic background of 
the T-cell populations can be different from that of all of 
the other cell populations in the animal. 

The analysis of reconstituted NOD.scid mice showed 
that both syngeneic and allogeneic CD25 + CD44~ thymic 
precursor cells developed equally well into mature T-cell 
populations under an identical NOD thymic education. 
More importantly, the development of T-cell populations 
in the recipient mice was shaped by NOD thymic educa- 
tion. As a consequence of the host thymic education, the 
T-cells of the NOD.scid recipients, regardless of donor 
genetic background, recognized the host MHC but not the 
donor MHC as self. Therefore, using our unique animal 
model would allow us to distinguish the different patho- 
genic roles of thymic education and intrinsic defects 
within the T-cell lineage of NOD mice when T-cells of 
different origins were educated by an identical thymic 
microenvironment. 

To determine whether the defective thymic education 
contributes to the NKT cell deficiency in NOD mice, we 
first examined the development of NKT cells in NOR mice, 
because NOR mice share an identical MHC locus and most 
of the genome with NOD mice. We found that NKT cell 
development is defective in both NOD and NOR mice. 
Because most NKT cells develop from the thymus, the 
defective development of the NKT cell population in NOD 
and NOR mice may be due to their MHC or other defective 
factors in their thymic microenvironment. It has been 
shown that IL-7, which is a product of thymic stromal 
cells, is required for the development and maturation of 
NKT cells (41,42). Exogenous IL-7 improved the IL-4 
production of NOD thymocytes (43), suggesting defective 
NOD stromal cell functions. 

To determine the origin of the NKT cell deficiency in 
NOD and NOR mice, we reconstituted both NOD.scid and 
BALB.scid mice with thymic precursor cells from NOD, 
NOR, and AKR donors. If the NKT cell deficiency is a result 
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of defects in NOD thymic education, then the reconsti- 
tuted NOD.scid mice would develop deficient NKT cells, 
whereas the BALB.scid recipient mice would have normal 
NKT cell development regardless of the origin of thymic 
precursor cells. In contrast, if intrinsic defects within the 
T-cell lineage of NOD mice result in the NKT cell defi- 
ciency, then this deficiency will be associated only with 
T-cells of NOD origin. We found that a normal NKT cell 
population developed from AKR thymic precursor cells. In 
contrast, a deficient NKT cell population developed from 
NOD and NOR thymic precursor cells in both NOD.scid 
and BALB.scid mice. These results show that the genetic 
defects in the thymic precursor cells of NOD and NOR 
mice are the major cause of the NKT cell deficiency, 
whereas the thymic micro environment of NOD mice does 
not block NKT cell development. 

We further asked whether the NKT cell deficiency is due 
to the defective expression of CD1 and other selecting 
factors on the surface of NOD thymocytes, because it has 
been shown that NKT cells are positively selected by 
CD 1/(32 m complex expressed on CD4 + CD8 + thymocytes 
(44). However, we found that the expression level of CD Id 
on CD4 + CD8 + thymocytes was identical in NOD and AKR 
mice. In addition, we found that the defective NKT cell 
development cannot be rescued when the NOD thymic 
precursor cells mixed with irradiated AKR thymic precur- 
sor cells or CD4 + CD8 + thymocytes before injection into 
NOD.scid recipients. Thus, the failure in NKT cell devel- 
opment is unlikely to be due to defects of cell surface 
markers. Instead, defects in the intracellular signals re- 
quired for NKT cell differentiation may be responsible for 
the deficiency. 

Consistent with our results, both Src family tyrosine 
kinase Fyn and transcription factor Etsl have been shown 
to be required for the development of the NKT cell 
population (45,46). Both Fyn and Etsl are involved in the 
intracellular signal pathway for NKT cell development. 
Our preliminary results showed that the T-cell lineage of 
NOD mice expresses the Etsl gene at a level identical to 
that in T-cells in AKR mice and that there is no mutation in 
the Etsl gene coding frame (unpublished data). However, 
it was reported that polymorphism in the 3' nontranslating 
region of Etsl may be associated with autoimmune syn- 
dromes (47). The mechanisms of the NKT cell deficiency 
in NOD mice remain to be elucidated. However, our 
results provide invaluable information to facilitate identi- 
fication of the gene(s) responsible for the NKT cell defi- 
ciency. In addition, the results of the current study provide 
direct evidence that NKT cells develop from T-cell- com- 
mitted precursor cells. It is known that NKT cells have a 
close ontogenic relationship with the T-cell lineage 
(48,49), but it was unclear from which precursor cells the 
NKT cells differentiate. We found that NKT cells develop 
from CD25 + CD44~ thymic precursor cells, in which a TCR 
gene rearrangement has taken place (38). However, these 
thymic precursor cells do not express the NK cell marker 
DX5 antigen (Fig. &A). These thymocytes are precursor 
cells for both T and NKT cells, and our results further 
indicated that during development, TCR expression oc- 
curs before the expression of NK cell markers. The 
expression of NK cell markers may be an indicator of NKT 
cell maturation (48). 



In NOD.iv vV/ recipient mice reconstituted with T-cells of 
different origins, a sharp contrast among groups of recip- 
ient mice was observed with respect to the development of 
insulitis and diabetes. The NOD.scid recipients of NOD 
and NOR thymic precursor cells developed insulitis, and 
some of these mice became diabetic, but none of the 
NOD.scid recipients of AKR precursor cells developed 
insulitis. Because the donor thymic precursor cells expe- 
rienced an identical thymic education mediated by NOD 
MHC molecules, all of the three groups of NOB.scid 
recipient mice should contain a similarly high frequency of 
autoreactive T-cells against (3-cell autoantigens (50-52). 
However, these autoreactive T-cells were unable to attack 
pancreatic p-cells in the NOD.scid recipients of AKR 
thymic precursor cells. This result provides direct evi- 
dence that the intrinsic defects of the NOD T-cell lineage 
play a critical role in the pathogenesis of autoimmune 
diabetes, and the replacement of the T-cell lineage of NOD 
mice with the one of different origin can prevent autoim- 
mune diabetes. Conversely, the development of insulitis 
and diabetes in the NOD.scicZ mice reconstituted with 
thymic precursor cells from (32 m gene- deficient AKR 
mice indicated that T-cells of different origin can be 
diabetogenic under NOD thymic education when the reg- 
ulatory factors are removed. Furthermore, our results 
showed the NKT cell deficiency is strongly associated with 
the development of autoimmunity in the reconstituted 
NOD.scid mice. The deficient NKT cell population devel- 
oped from NOD and NOR thymic precursor cells in the 
NOD. scid recipients correlated with the development of 
autoimmune diabetes, and the resistance to diabetes in the 
NOD.scid reconstituted with AKR thymic precursor cells 
was abolished when the development of NKT cells was 
defective as a result of the (32 m gene deficiency. 

Therefore, consistent with other studies (27,28), our 
results showed that NKT cells can suppress the develop- 
ment of autoreactive T-cells and that the NKT cell defi- 
ciency contributes to the pathogenesis of autoimmune 
diabetes in NOD mice. However, the underlying mecha- 
nisms by which NKT cells control autoimmunity are still 
not well understood. The defective production of both IL-4 
and IFN-7 by NKT cells has been indicated as a pathogenic- 
role (19,27). We detected a higher IL-4 production in 
splenocytes of NOD.sc/d mice containing T-cells of AKR 
origin. However, we also found that NKT cells purified 
from spleens of AKR mice produce a large dose of IFN-7 in 
culture (unpublished observation). More detailed analysis 
will be conducted using thymic precursor cells from IL-4 
or IFN-7 gene-deficient donors to understand which cyto- 
kine is important or whether the cytokine profile is key in 
NKT cell-mediated immunoregulation. 

NOR and NOD mice share —88% of the genome, includ- 
ing the MHC locus that confers susceptibility to autoim- 
mune diabetes (53,54). Although NOR mice are resistant to 
insulitis and diabetes, the NOD.scid recipients of NOR 
thymic precursor cells developed insulitis and diabetes, as 
well as a deficient NKT cell population. It is very likely that 
the T-cell lineage in NOR mice shares genetic defects with 
those of NOD T-cells and that NOR T-cells are diabeto- 
genic when they are developed and function in the im- 
mune system of NOD mice. Thus, diabetes resistance in 
NOR mice is not directly related to the T-cell lineage but to 
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other immunocyles, such as antigen-presenting cells. This 
finding is consistent with other studies showing differ- 
ences in the expression and regulation of the MI1C genes 
and the function of antigen-presenting cells between NOD 
and NOR mice (54-57). 

Autoimmune diabetes in NOD mice is a polygenic 
disease, and multiple genetic defects have been associated 
with its pathogenesis. However, the biological effects of 
the genetic defects and the cell population expressing a 
specific genetic defect remain largely unknown. By replac- 
ing the T-cell lineage in NOD mice with lineages from 
different genetic backgrounds, we were able to identify the 
pathogenic roles played by the intrinsic defects of T-cells 
in NOD mice. The results of this study will be useful for 
further identification of the genes involved in NKT cell 
development and NKT cell deficiency in NOD mice. Fur- 
thermore, the unique animal model developed for this 
study, in which specific cell lineages of the immune system 
can be made genetically distinct from each other, will be 
invaluable for studies on the development of the immune 
system and for the determination of genetic factors in- 
volved in immune regulation and dysfunction, such as 
those that occur in autoimmune diseases and inflamma- 
tory responses. 
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